The thymic microenvironment involves complex cell interactions among different types of epithelial cells, macrophages, tissue histiocytes, and immature and maturing T cells. We describe the isolation of a subset of thymic epithelial cells by selective primary culture followed by cotransfection with a simian virus 40 replication-origin-defective mutant and pSV2neo plasmid. The cloned cells have the composite immunophenotype that is unique to thymic subcapsular epithelial cells, suggesting that they may provide a model system in vitro for analyzing the earliest steps in T-cell differentiation. This
Critical steps in the early differentiation of T lymphocytes occur within the thymus. Bone marrow-derived cells migrating into this organ undergo extensive proliferation, clonal rearrangement of antigen-receptor genes, and an associated immunological "education" involving tolerance to self antigens and positive selection for antigen recognition in association with self molecules encoded by the major histocompatibility complex (1) (2) (3) (4) . The control of this complex process is not understood but almost certainly involves selective interactions with distinct elements of the thymic stromal environment and diffusible or cell-bound regulators or growth factors (5, 6) .
The non-lymphoid stromal structure of thymic tissue consists of phenotypically distinct subsets of epithelial cells derived from pharyngeal pouch endoderm or branchial cleft ectoderm, mesenchymal cells, and bone marrow-derived histiocytes or interdigitating macrophages (2, (6) (7) (8) . Some success has been reported in culturing rodent and human thymic epithelial cells (9) (10) (11) (12) . Culture supernatants from such cells can regulate T-cell phenotype or immunological function. However, cloned lines representing phenotypically and functionally distinct subtypes ofhuman thymic epithelia have not been reported.
The subcapsular epithelium of thymus has a distinctive structure and is probably the first site of interaction with migrating T-cell precursors (2, 6, 8) . We have sought to isolate and grow these epithelial cells from human fetal thymus by a combination of selective culture conditions and gene-transfection techniques. We report here the successful establishment of two such cell strains, which retain phenotypic properties specific for subcapsular cortex epithelium and express functional activities that may regulate early steps in T-cell differentiation.
MATERIALS AND METHODS
Primary Epithelial Cell Culture. Epithelial cells were derived from thymus of 16-week-old human fetuses, obtained from the Royal Marsden Hospital (London). Thymic tissue was grown as described by Singer et al. (12) .
Transfection of Primary Epithelial Cells. Epithelial cultures were transformed by calcium phosphate-mediated (13) cotransfection with the simian virus 40 (SV40) ori-mutant 6-1 (14, 15) , which lacks 6 base pairs at the SV40 origin of DNA replication, and pSV2neo (16), a plasmid containing the bacterial neomycin-resistance gene (neo) under control of SV40 promoter and enhancer sequences. One month after transfection, cells were selected for neomycin resistance with G418 (GIBCO) at 1 mg/ml. Two clones (SM1 and SM2) were obtained from these transfections. The SM1 cells were subcloned by limiting dilution using primary irradiated epithelial cells as feeder layers, and the subclones SM1.1 and SM1.9 were selected for resistance to G418.
Antibody Analysis. Standard immunofluorescence techniques (49) were used to assess binding of antibodies (listed in Table 1 ) to viable epithelial cell suspensions or to preparations of cells fixed with paraformaldehyde, acetone, acetone/methanol, or Bouin's reagent. Thymopoietin and thymulin (FTS, facteur thymique sdrique) were assessed on acetone-fixed preparations by use of a rabbit antithymopoietin antibody (courtesy of G. Goldstein, Ortho Diagnostics) and a monoclonal anti-thymulin antibody (17) .
Growth-Factor Assays. Colony assays. Epithelial cell clones were assayed for the production of hemopoietic stimulatory activities by the double-layer agar system of Gualtieri et al. (18) . SM1, SM2, SM1.1, and SM1.9 cells and primary thymic epithelial cells served as feeder layers in this assay. Mouse L cells were used as a negative control. Adherent-cell-depleted, low-density (<1.077 g/ml) human fetal liver cells were used as a source of hemopoietic cells. Cultures were incubated for 7-14 days at 37°C in a 5% CO2 atmosphere. An inverted microscope was used to count colonies of 50 or more cells. Cultures without feeder layers were used to determine the number of spontaneously forming colonies. Colonies were typed in situ (18) or were picked off and stained histochemically (19) and assayed for reactivity with monoclonal antibodies. Macrophage colony-stimulating factor (colony-stimulating factor 1, CSF-1) activity was measured by radioimmunoassay (20) of the SM1 day-7 and day-14 conditioned medium, which either was unconcentrated or was concentrated by Amicon filtration (PM10 membrane).
Abbreviations: SV40, simian virus 40; SV40 ori, SV40 origin of DNA replication; IL-1 and IL-2, interleukins 1 and 2; CSF-1, colonystimulating factor 1 (macrophage colony-stimulating factor). *To whom reprint requests should be addressed.
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Interleukin assays. Conditioned media from cocultures of SM1 and SM2 cells with low-density, adherent-cell-depleted fetal liver cells and from SM1, SM2, and primary thymic epithelial cells after 14 days of culture were analyzed for interleukin 1 (IL-1) activity (21, 22) . Interleukin 2 (IL-2) production by SM1 and SM2 was assayed using Con A-stimulated mouse thymocytes (23) and CT6 cells (24) . Medium (27, 30) . Our subcapsular thymic epithelial cell clones also exhibit this characteristic. Fifty to seventy percent of the SM2 cells formed rosettes with juvenile thymocytes (Table 2) non-thymic epithelial cell line, also formed rosettes, whereas embryonic fibroblasts did not ( Table 2 ). The rosette reaction could be inhibited by pretreating the SM1 and SM2 cells with a monoclonal antibody to LFA-3 or the thymocytes with a monoclonal antibody to CD2 (Table 2 ). Significant inhibition was not observed with anti-Thy-i or anti-CD7. Attachment of thymocytes to monolayers of SM1 and SM2 cells was also observed (Fig. 4) . Transmission electron micrographs showed the close association of thymocytes with the epithelial cell strains. Subcapsular Cortex Epithelial Cells Support Hemopoietic Cell Growth. Two types of colonies can be stimulated by the SV40 ori--transformed epithelial cell strains when fetal liver is used as a source of hemopoietic progenitors in a doublelayer agar assay; one type consists of large, tightly packed cells, and the other comprises more diffuse colonies of smaller cells (Table 3 ). Cytochemical staining revealed that both colony types contained nonspecific esterase (a-naphthyl LFA-3, lymphocyte function-associated antigen 3; factor VIII, blood coagulation factor VIII; EGF, epidermal growth factor; HPCA 1, hemopoietic progenitor cell antigen 1; gpn, glycoprotein of n kDa; CALLA, common acute lymphoblastic leukemia antigen; LCA, leukocyte common antigen; T antigen, large tumor antigen; ND, no designation. butyrate esterase)-and acid phosphatase-positive cells, indicative of their monocyte/macrophage nature. Morphologically, the more diffuse colonies contained small monocytes, while the tightly packed colonies appeared to be activated macrophages. The latter stained with RFD-7 and anti-HLA-DR monoclonal antibodies. None of the hemopoietic colonies formed contained either intracellular terminal deoxynucleotidyltransferase or T3, markers characteristic of T-cell precursors (44) . Macrophage colony growth was also observed when primary thymic epithelial cells were used as the feeder layer, albeit in higher numbers than was observed using either SMI or SM2.
Radioimmunoassay of SM1 conditioned media revealed CSF-1 concentrations of62 + 20 units/ml (n = 3; S.M.W. and E. R. Stanley, unpublished data).
SM1 and SM2 culture supernatants were assayed by L. Vodinelich and colleagues (Celltech, Slough, U.K.) for mycoplasma by DNA fluorescent staining (Hoechst staining kit), 6-methylpurine deoxyriboside cytotoxicity, and microbiological culture (45) , as well as for y-interferon (using Celltech assay systems), IL-2, IL-1, and macrophage-activating factor (46) , and were found to be uniformly negative in all cases.
IL-1 Production. Fig. 5 shows that although IL-1 was present in the primary epithelial cell cultures (bar H), no IL-1 was detected in conditioned medium from the SM2 or SM1 cell strains (bars B and E) when compared with negative controls (bars A and D). However, when SM1 and SM2 cells were cocultured with fetal liver cells for 14 days in order to allow macrophage maturation and activation, IL-1 was detected in the culture supernatants (bars C and F).
DISCUSSION
The thymic stromal cell strains that we have isolated from human fetal thymus are clearly derived from the subcapsular cortex epithelium. This is indicated (i) by ultrastructural features; (it) by their expression of cytokeratin and of determinants recognized by anti-Thy-i, MR19, and A2B5 antibodies (2, 27, 29) ; and (iii) by their lack of reactivity with a number of monoclonal antibodies (2, 6, 29, 30, 39) specific for macrophages, thymic fibroblasts, Hassall's corpuscles, and cortical and medullary epithelia.
The mechanisms by which thymic subcapsular cortex epithelial cells promote the differentiation and proliferation of thymocytes are not understood. They could interact directly with T-cell precursors or activate these precursors by the production of lineage-specific or multilineage growth factors. Putative thymic hormones such as thymopoietin, thymosin, and thymulin may be implicated in mediating some of these events (5, 6) . Neither the subclones, SM1.1 and SM1.9, nor the two original clones, SM1 and SM2, produce detectable levels of thymopoietin or thymulin when analyzed with monoclonal antibodies. Two plausible explanations for these observations are that SV40 transformation affects hormone production or that the cells isolated do not normally cule on the epithelial cells and the CD2/gpSO structure on T cells (28) . The SV40 ori--transfected subcapsular epithelial cells express LFA-3-associated binding sites for T cells. Binding ofthymocytes to these epithelial cells also appears to involve LFA-3-CD2 interactions.
Our data support the view that activation of precursor T cells could occur within the thymus by contact interaction with subcapsular epithelial cells and response to IL-1 produced by epithelial cell-macrophage interactions. Availability of transformed derivatives of the subcapsular cortex thymic epithelium should aid in further understanding these regulatory interactions and may provide an assay system for the so far elusive circulating pre-T-cell progenitors. 
